A number of studies showed that the development and the lifespan of Caenorhabditis elegans is dependent on mitochondrial function. In this study, we addressed the role of mitochondrial DNA levels and mtDNA maintenance in development of C. elegans by analyzing deletion mutants for mitochondrial polymerase gamma (polg-1(ok1548)). Surprisingly, even though previous studies in other model organisms showed necessity of polymerase gamma for embryonic development, homozygous polg-1(ok1548) mutants had normal development and reached adulthood without any morphological defects. However, polg-1 deficient animals have a seriously compromised gonadal function as a result of severe mitochondrial depletion, leading to sterility and shortened lifespan. Our results indicate that the gonad is the primary site of mtDNA replication, whilst the mtDNA of adult somatic tissues mainly stems from the developing embryo.
INTRODUCTION
Mitochondrial energy production is critically dependent upon the structural integrity of the mitochondrial genome (mtDNA). Individual mammalian cells have between 1000-10 000 mtDNA copies, with the more energy consuming tissues, such as heart, having proportionally higher amounts. Mature mammalian oocytes contain at least 100 000 copies of mtDNA, needed for normal development because mtDNA does not undergo replication through the early stages of embryogenesis. Mitochondrial DNA polymerase gamma (Polg) is the sole DNA polymerase, responsible for all replication and repair reactions within mitochondria (1). We recently described a knock-in mouse model that expresses an error-prone version of POLG (mtDNA mutator mice) (2) . Abolished exonuclease activity leads to a 3-to 5-fold increase in somatic mtDNA mutations that, in turn, causes a progressive respiratory chain deficiency and premature aging phenotypes (2) .
Over 100 different pathogenic mutations affecting almost every exon of the human POLG gene have been described over last years (3, 4) . These mutations are causing diseases characterized by a number of mtDNA maintenance defects like mtDNA depletion, multiple mtDNA deletions or multiple point mutations of mtDNA in the affected tissues (4) . Clinically, POLG mutations can present from early neonatal life to late middle age, causing a spectrum of phenotypes that include autosomal progressive external ophthalmoplegia (adPEO), childhood encephalomyopathy with liver failure (Alpers-Huttenlocher syndrome), adult onset spinocerebellar ataxia (SANDO) and a number of other isolated clinical symptoms including premature ovarian failure, fatigue, muscle weakness and muscle pain (3, 4) . POLG is today recognized as a major human disease gene, possibly accounting for up to 25% of all patients with mitochondrial diseases (3, 4) .
Until now it has been shown that POLG is indispensable for development of various species ranging from yeast to mammals. A mutation in MIP, a gene coding for the catalytic subunit of yeast POLG, results in mtDNA depletion and formation of petite rho 0 cells (5) . Flies deficient in POLG activity (tam mutants) are weak and uncoordinated and grow significantly slower than wild-type flies, with noticeable defects in the development of the adult visual system (6) . Due to a defect in locomotion, these flies also failed to undergo the behavioral changes characteristic of the wandering stage and died as a late third instar larvae (6) . We have previously shown that POLG is absolutely essential for mammalian embryonic development and mtDNA maintenance. Homozygous disruption of the mouse POLG gene leads to embryonic death at late gastrulation and before early organogenesis (7) . Loss of POLG coincides with a dramatic decrease in mtDNA levels, with POLG null embryos having around 2-5% of normal mtDNA level at embryonic day 8.5 (E8.5). In addition, POLG null embryos at E8.5 are much smaller than wild-type embryos and have a severe respiratory chain deficiency (7) .
In the present study, we investigated the role of the Caenorhabditis elegans ortholog of mtDNA polymerase (POLG-1) in development by analyzing polg-1 deficient worms. Surprisingly, loss of polg-1 that resulted in animals having 25 times lower mtDNA levels than normal, did not affect the embryonic and larval development of C. elegans. Polg-1 deficient worms had normal developmental rates and even managed to produce a small number of embryos that arrested in the early embryonic stages due to extremely low mtDNA content. We could observe severe morphological and functional defects in the gonad as a result of serious mitochondrial depletion leading to sterility of polg-1 deficient animals. Marked depletion of mtDNA content in adult worms also leads to a shortened lifespan that could be extended almost to the normal level by prevention of egg laying, which otherwise leads to an early fatal gonadal protrusion. Furthermore, our results indicated that the mtDNA content in somatic tissues originates mainly from the embryo and is maintained on a high level without active replication during development and early adulthood. In the late adulthood, we have detected some signs of mitochondrial dysfunction in somatic tissues, presented as increasingly fused mitochondria and upregulation of the mitochondrial number in certain tissues, indicating increased mitochondrial biogenesis possibly as a compensatory mechanism for mtDNA depletion and mitochondrial turnover. Finally, our results clearly show that the adult gonad is the primary site of mtDNA replication in worms, probably due to the massive requirement for mitochondrial biogenesis during oogenesis, and that the mtDNA content in the embryo is the critical limiting factor for normal worm development. Consequently, our results show that high mtDNA levels are essential for C. elegans development, and that worms have created a mechanism ensuring normal development independent of mtDNA replication by providing embryos with mtDNA levels that correspond to the one found in human oocytes, set to create an organism with billions of cells.
MATERIALS AND METHODS

Strains
The following strains were used: N2 (wild type, Bristol), VC1224 (polg-1(ok1548)/mT1 II; +/mT1 [dpy- 10 ( 
Construction of mutants
polg-1(ok1548)/mIn[dpy10(e128)mIs14]II. polg-1(ok1548) II males were outcrossed 10 times to N2 hermaphrodites and then crossed to (mIn1[dpy10(e128)mIs14])/+ II hermaphrodites. The outcross was always done by a single male cross to a single N2 hermaphrodite. The presence of the ok1548 allele was confirmed by PCR.
Is[HIS-72::mCherry::unc-54 3
0 UTR]X. The strain was made by microinjecting (8) the reporter construct [his-72 (promotor + ORF)::mCherry::unc-54 3
0 UTR], i.e. the his-72 promotor and open reading frame fused to mCherry and the unc-54 3 0 -UTR, into N2 hermaphrodite animals. The final DNA concentration for microinjection was 171 ng/ml, consisting of 46 ng/ml of reporter array DNA and 125 ng/ml N2 genomic DNA, for faciliation of array formation, in water. The primer binding sites used for the amplification of his-72 were 5 0 -CTCTGTGTCGTCACGT GTCTTCGTGTTGG-3 0 and 5 0 -AGCACGTTCTCCGC GGATGCGTCTG-3 0 . The fragments were fused by stitching PCR. Integration of the resulting extrachromosomal array was induced by 40 Gy gamma irradiation of L4/young adult animals. A line displaying early and at the same time low-level expression line was selected and then crossed to N2 at least four times. In the course of the experiments, the array was continuously transferred to a fresh wild-type background by crossing.
AA1058 (dhEx462(myo-3p::MTS::GFP)). The strain was made by microinjection of the plasmid pPD96.52 (plasmid 1608:L2534, Addgene, Fire Vector Library) that was co-injected with the coelomocyte marker (plasmid 8938: coel::RFP, Addgene, Fire Vector Library) at a concentration of 20 ng/ml and 80 ng/ml, respectively, in the N2 animals as previously described (8) . The coelomocyte marker was used for identification of transformants.
glp-4(bn2)I, polg-1(ok1548)/mIn[dpy10(e128)mIs14]II. The strain was made by crossing (mIn1[dpy10 (e128)mIs14]/+II males to glp-4(bn2)I hermaphrodites; then glp-4(bn2)/+ I;(mIn1[dpy10(e128)mIs14])/+II males were crossed to polg-1(ok1548)/+II hermaphrodites at 158C. The presence of the ok1548 and bn2 alleles in strains cultivated at 158C and 258C were always confirmed by PCR (ok1548) and DIC (Nomarski) microscopy (bn2).
Brood size and lifespan assay
Singled L4 staged hermaphrodites (n = 5) were placed on NGM plates seeded with Escherichia coli OP50 bacteria and the number of hatched embryos was counted over the next 4 days. Brood size was determined at 208C, 258C and 278C.
Synchronized L4 stage hermaphrodites were used for lifespan measurements. Worms were transferred every second day on NGM plates seeded with E. coli OP50 and examined every day for probe-provoked movement and pharyngeal pumping until death. Worms that died due to internally hatched eggs, desiccation or due to crawling out of the plate were censored. The cumulative survival rate was determined according to Kaplan and Meier (9) . The log-rank (Mantel-Cox) test was used for comparing significant distributions between different groups in the lifespan assays. All calculations and plots were performed with Microsoft Office Excel 2003, Octave 2.9.12 (version 2.x and 3.x, http://www.gnu.org/software/ octave/), Gnuplot (version 4.2, http://www.gnuplot.info/) or R (version 2.7, http://www.r-project.org/).
RNAi assay
RNAi assay was done following a standard protocol (10) . Worms feeding on bacteria carrying the empty vector (L4440) were used as a control whereas worms feeding on bacteria carrying JA:Y57A10A.m (II-8O11) vector was used for RNAi analysis.
Rhythmic behavior analysis
Defecation was scored as previously described (11) . In each experiment, at least 13 adult hermaphrodites were scored for posterior body wall muscle contraction (pBoc) and expulsion (Exp) cycle over 10 min at day 1, day 4 and day 6 of adulthood. All counts were carried out at 208C under the dissecting scope. For statistical analysis, we first calculated the mean defecation cycle period for each animal and then the mean and standard deviation of these results.
Determination of the mtDNA copy number
The mtDNA copy number was measured by quantitative PCR. Worms at the respective developmental stage were singled and lyzed by standard protocol (12) . Primers for NADH dehydrogenase subunit 1 (nd1) and actin-3 (act-3) were used in determination of mtDNA copy number.
The act-3 forward primer 5 0 -TGCGACATTGATATCC GTAAGG-3 0 and reverse primer 5 0 -GGTGGTTCCTCC GGAAAGAA-3 0 . nd1 forward primer 5 0 -AGCGTCATTT ATTGGGAAGAAGAC-3 0 and reverse primer 5 0 -AAGC TTGTGCTAATCCCATAAATGT-3 0 . Real-time PCR conditions were 2 min at 508C, 10 min at 958C, followed by 40 cycles of 15 s at 958C and 60 s at 608C. Amplified products were detected with SYBR Green (Platinum SYBR Green qPCR Super Mix-UDG with ROX, Invitrogen) and fluorescent signal intensities were determined by ABI Prism 7700 Sequence Detector System (Applied Biosystems) by software SDS (version 1.91). The C T values within the linear exponential phase were used to measure the mtDNA copy numbers from a standard curve generated either by using plasmid containing cloned target sequence (nd1) into pCR2.1 plasmid (TOPO kit, Invitrogen) in order to determine absolute values or by five 10-fold dilutions of nuclear DNA (act-3) in order to measure the nuclear DNA copy number. All reactions were checked on the agarose gel after performing quantitative PCR and as a control for amplification accuracy we measured mtDNA copy number from few embryos or worms in one reaction. Quantitative PCR was performed for each initial template copy number at least four times and the results were reproducible.
Measurement of transcript levels
Transcript levels of cytochrome b (ctb-1), polg-1 and MTCE.35 (NADH dehydrogenase subunit 5, referred to as nd5) genes were analyzed in N2 and polg-1(ok1548) adult hermaphrodite animals by quantitative real-time PCR. Primers for ctb-1: forward 5 0 -TTCCAATTTGAG GGCCAACT-3 0 and reverse 5 0 -AACTAGAATAGCTC ACGGCAATAAAAA-3 0 ; for nd5 forward 5 0 -TTAGCA AGTTTGGTCGAAGAAGATT-3 0 and reverse 5 0 -GGC CCAAAGTAACTATTGAAAAACC-3 0 and for polg-1 forward 5 0 -CTGCCTAATACCGTTGCCTTCTT-3 0 and reverse primer 5 0 -TTGGAGCCGTCCGGATT-3 0 . Total RNA from 20 worms was isolated from N2 and polg-1(ok1548) strain with Trizol (Invitrogen). Amplification was performed with the ABI Prism 7700 Sequence Detector (Applied Biosystems) with the following PCR conditions: 2 min at 508C, 10 min at 958C, followed by 40 cycles of 15 s at 958C and 1 min at 608C. Amplified products were detected with SYBR Green (Platinum SYBR Green qPCR Super Mix-UDG with ROX, Invitrogen). Relative quantification was performed using the standard curve method. The standard curve was constructed by using five 10-fold dilutions of the standard sample. Standards were run in triplicate with act-3 as endogenous control.
Analysis of mitochondrial morphology
Mitochondrial morphology in the body wall muscle was examined by expressing GFP under the myo-3 promoter. Worms were mounted in four times diluted egg salts and observed with a Zeiss Axioplan 2 imaging microscope. All pixels representing mitochondria were annotated. The number of connected pixels was used as a measure of individual mitochondrial size. Image analysis was performed in ImageJ (ver. 1.40 http://rsbweb.nih.gov/ij/) and Matlab (ver.R2007, The MathWorks).
Transmission electron microscopy
Worms at different stages during adulthood and isolated gonads were fixed in 2% glutaraldehyde and 0.5% formaldehyde. Samples are embedded in gelatin and postfixed in 2% osmium tetra-oxide. All specimens were examined using a Philips 420, TECNAI 10 microscope and images were captured with the Mega View Soft Imaging System.
Morphology of the nuclei in the gonad
To localize nuclei in isolated gonads, Hoechst 33258 stain (1 mg/ml) was added to the mounting medium (M9) and the fluorescent staining was detected using a DAPI filter on a Zeiss Axioplan 2 Imaging microscope. After staining, the gonadal structure was analyzed with the software Endrov (ver.2.11.0) by 3D reconstruction of microscopic images and by annotation of stained nuclei.
Determination of stage of embryonic arrest
The stage in which embryos arrested was determined by inspection of embryonic corpses. In order to assess the stage of arrest more precisely, the transgene HIS-72::mCherry was crossed into the polg-1(ok1548)/+ mutant background. The transgene is expressed after eight-cell stage in somatic cells. The translational fusion protein is stable several hours after death of the animal, allowing stage analysis of embryos in which morphological analysis already fails due to autolysis. Photomicrographs of arrested embryos were visually compared with time-lapse recordings of the same transgene in wild-type background by three observers. The time point of the morphologically best matching stage was used to quantify the stage of arrest of the embryo.
Embryonic development-time-lapse microscopy
One-or two-cell stage embryos were dissected from adult hermaphrodites. In the case of the polg-1(ok1548) animals, young adults were used in order to isolate the first embryos produced by the gonad. Embryos were mounted on polylysine coated cover slides recorded on a custombuilt video time-lapse microscopy setup. This setup is based on an Axioplan 2 imaging microscope (Zeiss) with a piezo stage (ASI) controlled by OpenLab (Improvision) and a custom made software (ORS, Endrov, Henriksson J. unpublished results). The microscope is equipped for DIC/Nomarski and epifluorescent imaging. Time-lapse recordings were processed and analyzed using the software Endrov (ver.2.11.0).
RESULTS
Polg-1 deficiency causes severe mtDNA depletion, but not a developmental arrest
Based on sequence similarities Y57A10A.15 has been annotated as the C. elegans ortholog of mitochondrial DNA polymerase (POLG). The amino acid sequence of Y57A10A.15 (termed polg-1) shows 26% identity and 45% similarity to the human POLG. The multiple alignment of the POLG amino acid sequences for human, murine, fly, yeast and worm protein indicates the presence of highly conserved regions in both the exonuclease and the polymerase domains ( Figure S1A and B). In addition, an iPSORT (http://hc.ims.u-tokyo.ac.jp/iPSORT/), a TargetP (http://www.cbs.dtu.dk/services/TargetP/) and a MitoProt II (http://ihg2.helmholtz-muenchen.de/ihg/ mitoprot.html) analysis confirmed the presence of a mitochondrial targeting peptide at the N-terminus of polg-1.
To investigate the in vivo function of polg-1, we analyzed a deletion mutant polg-1(ok1548) carrying a 2149 bp deletion that removes exons 8-10 of the predicted polymerase domain of polg-1. The mutant strain VC1224 was outcrossed 10 times against the N2 background and then balanced. Quantitative PCR analysis confirmed that the polg-1 transcripts are extremely reduced in adult homozygous deletion mutants ( Figure 1A) . Importantly, the transcription efficiency of the downstream gene Y57A10A.14 is unaffected by this deletion (data not shown). The outcrossed homozygous polg-1(ok1548) deletion mutant animals were viable, born in Mendelian proportions and reached adulthood without any obvious morphological or behavioral defects.
We employed quantitative real-time PCR to estimate the mtDNA copy number in single embryos or adult animals of both wild-type (N2) and polg-1 deficient animals. Both strains have comparable mtDNA levels in the embryos (90 000-100 000) and that number remains essentially unchanged up to the L3 stage, indicating an absence of replication of the mitochondrial genome during this period ( Figure 1B ; Table 1 ). In order to further confirm the lack of mtDNA replication in early larval stages, we performed additional quantification relative to the amount of nuclear DNA that should be constant for a given developmental stage. For example, absolute mtDNA levels in all isolated embryos were the same but when we performed quantification of mtDNA molecules relative to nuclear DNA content, we observed that early embryos (E_F2, before comma stage) had 38% higher relative levels of mtDNA compared with late embryos (E_F2.1, folded), L1 and L2 larvae, corresponding to the lower cell number, but similar mtDNA content in these embryos ( Figure 1C) . Increase in the mtDNA copy number in N2 worms at 208C starts around L3 stage and reaches a roughly 3-fold increase with the transition to L4 (from 90 000 to 250 000) ( Table 1 ). The increase of the mtDNA levels closely mirrors the germ line proliferation in the late larval stages and the early adulthood. Transition to adult worms results in a tremendous increase of the mtDNA copy number that reaches around 4 millions mtDNA molecules per animal after adult day 1, coinciding with the high production of embryos ( Figure 1B ; Table 1 ).
Gonad as a primary site of mtDNA replication
The mtDNA copy number in polg-1(ok1548) animals remained constant during early development and was comparable with the N2 mtDNA levels. It seems that the maternal contribution of POLG-1 protein and/or polg-1 transcripts in the embryos is quite high as polg-1 deficient animals manage to partially respond to the initial request for upregulation of the mtDNA content during late larval and early adult stages ( Figure 1B , Table 1 ). However, this roughly 2-fold increase is far from the 50-fold increase in the mtDNA levels observed in N2 animals and it was not sustained later in adult polg-1(ok1584) worms, probably due to the exhausted POLG-1 storages and mitochondrial turnover. In order to evaluate the somatic versus the germline component of mtDNA levels, we have measured the mtDNA copy number in a germline proliferation deficient glp-4 strain. The function of the glp-4 gene product is not known at the molecular level, however, the glp-4(bn2) allele limits the production of germline nuclei to 12, while the somatic gonad retains a wild-type morphology (13) . The mtDNA copy number in glp-4(bn2) mutant is similar to the wild type at L4 stage, but the high increase that follows the transition to adulthood in N2 worms is lacking in the glp-4(bn2) mutant (Tables 1 and 2 ). Instead, a mild, <2-fold increase in the mtDNA levels is observed with a transition to adulthood in glp-4(bn2) mutant, indicating that the majority of the mtDNA replication occurring after the L4 stage accounts for germline proliferation and embryo production. Double mutants, glp-4(bn2), polg-1(ok1548) had comparable mtDNA levels during development, but failed to upregulate them during adulthood. Instead, we detected a significant reduction of mtDNA levels with transition to adulthood in polg-1(ok1548), glp-4(bn2) worms. In addition, environmental temperature both higher (258C) and lower (158C) than 208C present quite a metabolic stress on worms, as we have detected that all different strains, including N2, glp-4(bn2), polg-1(ok1548) and polg-1(ok1548) glp-4(bn2) mutants, had highly increased mtDNA content when grown at those temperatures (Table 2) . Worms cultured at low temperature (158C) had 4-5 times increase in mtDNA levels, indicating a high metabolic demand probably due to an increased environmental stress. The main effect of a higher temperature (258C), besides a moderate increase in mtDNA copy number, was in the increased mtDNA turnover that started already during larval development (Table 2) .
Mitochondrial transcript levels in polg-1 mutants
Mitochondrial transcript levels in polg-1 deficient worms are decreased 30-77% compared with that in wild-type worms at different days of adulthood ( Figure 1D ). Although the reduction in nd-5 and ctb-1 transcript levels was quite robust (30%, 49% and 77% decrease for nd-5 transcripts and 38%, 51% and 62% for ctb-1 transcripts at adult day 1, 4 and 6, respectively), it was still much smaller than the observed decrease in the mtDNA copy number (up to 35 times) ( Figure 1C and D) . This is consistent with previously described upregulation of mitochondrial RNA and protein stability as a result of mtDNA deficiency (8) .
Mitochondrial phenotypes in polg-1 mutants
High mtDNA depletion as observed in adult polg-1 deficient worms may lead to mitochondrial dysfunction, predominantly observed in the high energy demanding, postmitotic tissues, e.g. muscle. Using a muscle-specific GFP fusion gene (myo-3::MTS::GFP) that targets mitochondria in live worms, we observed marked changes in the mitochondrial morphology of polg-1(ok1548) worms ( Figure 2B ). In control worms, the muscle mitochondria were well organized, running in parallel with the body axis ( Figure 2A ). In polg-1 deficient worms, the mitochondria were noticeably disorganized and fused ( Figure 2B ). After quantification of the mitochondrial length we verified that polg-1(ok1548) animals have a much higher incidence of long mitochondria than wild-type worms ( Figure 2C ). We propose that this increased mitochondrial fusion could be an adaptive response to the mtDNA depletion, allowing functional complementation of mtDNA-encoded proteins.
The integrity of mitochondria in adult polg-1(ok1548) worms was further investigated by transmission electron microscopy (TEM). Hypodermal cells, intestine and body wall muscle mitochondria of either wild-type or polg-1(ok1548) worms appeared normal, with numerous cristae and similar size ( Figure S2A-C) . We could observe a moderate upregulation of the number of mitochondria in the skin and body wall muscle of polg-1 deficient worms at day 6 of adulthood ( Figure S2A and C) .
mtDNA depletion causes change in physiological rhythms
To test if mtDNA depletion affects physiological rhythms, we examined the intervals of different stages of the defecation cycle (11) . These rhythmic contractions represent an ultradian cycle in worms that repeats every 50-60 s (11) and we detected a progressive increase in the intervals with increasing age in wild-type worms ( Figure S3 ). Defecation rates in polg-1 deficient worms basically remained on the same level, but later in life muscle contraction became very weak and defecation rates were much shorter in comparison with wild type worms ( Figure S3 ). On the contrary, several long-lived mutants affecting mitochondrial energy metabolism (e.g. clk-1, tpk-1 and isp-1) have slowed rates of pharyngeal pumping and defecation when compared with wild-type worms (15) .
Lack of mtDNA replication causes irregular gonadal development
Next we analyzed mitochondria in the gonad, the only proliferating tissue in adult worms. Gonadal development in polg-1(ok1548) animals appears to be normal until the first embryos are produced. However, the number of mitochondria is drastically reduced in polg-1 deficient gonads and the remaining mitochondria appear to be enlarged and display a number of morphological abnormalities in young adults ( Figure 3A) . Later in adulthood the gonad seems to be seriously depleted of mitochondria, probably due to the production of a certain number of embryos and inability to replicate mtDNA ( Figure 3B ). These results are in agreement with our previous observation that the majority of the mtDNA replication appears to take place in proliferating gonads. In addition, adult polg-1(ok1548) hermaphrodites did not develop a rachis, the central core of cytoplasm that connects the developing oocytes in the syncytial gonad, which in wild-type worms contains a large number of mitochondria ( Figure 3B ). No obvious difference in the number of nuclei was observed in isolated polg-1(ok1548) gonads stained with Hoechst 33258 (data not shown).
The 3D reconstruction images of gonadal nuclei stained with Hoechst 33258 allowed us to further investigate gonadal morphology in polg-1(ok1548) hermaphrodites ( Figure 3C ). While wild-type gonads had a well-developed rachis with a number of surrounding nuclei, polg-1(ok1548) gonads lacked the rachis with nuclei being equally distributed through the gonad ( Figure 3C ). 
Progeny of polg-1 mutants arrests in the early development
Even though the development of polg-1(ok158) animals was rather normal, these animals could not produce viable progeny at any given temperature (Table 3 ). The brood size of polg-1(ok158/+) heterozygous animals is smaller than in N2, yet similar to the balancer background (see Materials and methods section) at different temperatures (Table 3) . However, polg-1 deficient animals could produce a handful of eggs that arrested during embryonic development. We quantitatively characterized the embryonic arrest in polg-1(ok158) progeny by determining the approximate number of cells at the time of arrest. An integrated transgene expressing a mCherry tagged histone (HIS-72::mCherry), driven by its native promoter, allowed for accurate screening even in partially decayed embryos.
The arrest occurred during all stages of embryogenesis, with most of the embryos arrested before the four-cell stage ( Figure 4A ). However, a small fraction of embryos reached the comma stage or even developed up to the 3-fold stage. Extremely rarely, the first embryo of a young adult hatched, but nevertheless, those larvae were not viable. These differences in the embryonic development are likely to be determined by the maternally inherited mtDNA levels; with the first ones produced probably having higher mtDNA levels than later ones.
The 4D DIC time-lapse microscopy of polg-1(ok158) progeny showed that the speed of development is drastically reduced ( Figure 4B , Movie S1 and S2), and it varies tremendously between individuals. The development of polg-1(ok158) progeny exponentially slows down between four cell and comma stage ( Figure 4B ). The rate of development most likely slows down due to mitochondrial dilution with each successive cell division leading to energy depletion in these embryos. The mtDNA copy number in the progeny of polg-1(ok158) animals is reduced to only 3300 copies, around 30 times less mtDNA content than in normal wild-type embryos (Table 1) . We tested whether the lack of viable progeny could be rescued by introducing a wild-type copy of polg-1 into the polg-1(ok158) embryos by mating mutant hermaphrodites with HIS-72::mCherry males. However, no viable offspring was obtained from this mating, indicating that a wild-type copy of polg-1 cannot rescue the phenotype due to very low levels of mtDNA present in these embryos (around 3300 copies) and the lack of mtDNA replication in the early embryonic and larval stages.
MtDNA depletion causes shortening of the lifespan
All polg-1(ok158) animals die after nearly complete gonadal and intestinal protrusion, impairing the movements of the animal ( Figure S4A ). The animals died within 1 or 2 days after protrusion, most likely due to starvation. The protrusion phenotype starts to occur around the sixth day of adulthood. The mean lifespan of polg-1 deficient animals was 10 AE 3 days, with a maximum of 15.3 days ( Figure 5A , Table 4 ). Heterozygous animals carrying the balancer chromosome as well as animals homozygous for the balancer showed the same life span as N2 ( Figure 5A , Table 4 ). However, previous RNAibased genome-wide screening analysis did not reveal any phenotypes caused by downregulation of the polg-1 gene (16) (17) (18) . We believe that RNAi over just one generation failed to decrease mtDNA levels under the critical threshold for obvious mitochondrial dysfunction. Therefore, we performed RNAi analysis by continuous feeding over several generations. The third generation of worms develops the same phenotype as polg-1(ok158) mutants, with gonad or intestinal protrusion and their progeny undergoes embryonic arrest after 72 h ( Figure SB) .
Decreased egg laying prolongs lifespan in polg-1 deficient worms
We propose that the gonadal protrusion that was observed in all polg-1 deficient animals was the result of mitochondrial dysfunction, probably due to the weakening of vulval muscle cell after repeated egg laying. To test if the protrusion phenotype of polg-1(ok158) animals could be suppressed we introduced an Egl (egg-laying deficient) phenotype by mating hermaphrodites heterozygous for polg-1(ok158) allele with HIS-72::mCherry males. Presence of the HIS-72::mCherry allele leads to spontaneous occurrence of phenotypes including partial Egl, Dpy or Unc. These phenotypes might arise due to mutagenic or epigenetic effects of the transgene product (Hench J., unpublished results). We found a line with a partial Egl phenotype that almost completely suppressed the protrusion phenotype observed in polg-1(ok158) animals ( Figure 5C ) and partially corrected for the shorter lifespan ( Figure 5B ). Nevertheless, the median and maximal lifespan of polg-1(ok158), HIS-72::mCherry worms was still significantly shorter than that of controls (17 AE 4 days and 23.4 days, respectively) ( Table 4) . Similarly, higher environmental temperature (258C) used to promote glp-4(bn2) mutant phenotype also had an effect on polg-1(ok1548) mutants. At this temperature, polg-1 deficient worms did not lay any eggs and therefore did not developed gonadal protrusion which in turn resulted in a prolongation of their lifespan to the levels comparable with polg-1 deficient gonad less mutants (polg-1(ok1548), glp-4(bn2)) ( Table 4) . We believe that the shorter lifespan of polg-1(ok158), HIS-72::mCherry mutant hermophrodites was a consequence of even larger mtDNA depletion and this was confirmed by quantification of mtDNA levels. We detected an additional 40% decrease in the mtDNA levels between day 8 and 15 of adulthood ( Figure 5D , Table 5 ). Also, the mtDNA levels in the control HIS-72::mCherry worms were almost two times higher than in N2 worms, indicating that deficiency in the egg laying does not affect mtDNA replication (Tables 1 and 5 ). On the contrary, the massive mtDNA levels imply that mtDNA replication is normal, but because these worms carry more embryos in the uterus, mtDNA content per worm is much higher. We have detected upregulation of mitochondrial mass in the hypodermis of polg-1(ok158), HIS-72::mCherry worms at day 8 of adulthood ( Figure S5A ), but not at day 1 (data not shown). At day 15, mitochondria in the hypodermis from both control (N2) and polg-1 deficient worms looked enlarged and swollen ( Figure S5B ), as previously reported for aged worms (19) . We could observe an additional tissue distortion and a large number of membrane-like structures that resemble mitochondria in the process of mitophagy in polg-1(ok158), HIS-72::mCherry animals. Also, there was a marked increase of mitochondrial mass in other tissues, e.g. pharynx of polg-1(ok158), HIS-72::mCherry animals at this late time point ( Figure S5C ).
DISCUSSION
Our results clearly show that although POLG is believed to be a necessary component of the normal developmental program in different species ranging from yeast to mammals (5-7), C. elegans development is not dependent on the presence of the polg-1 gene. This should not be mistaken for the lack of importance of mtDNA for worm development. On the contrary, we show that C. elegans embryos carry around 100 000 copies of the mitochondrial genome, a number that corresponds the one found in mammalian oocytes. And while a single mammalian oocyte will give rise to billions of cells, a C. elegans embryo will end up developing into adult worm with only around a thousand somatic cells. This very high number of mtDNA molecules in the developing embryo indicates the importance of the mtDNA for C. elegans development.
Others have reported that the mtDNA copy number range from 25 000 in early embryos to 800 000 in adult worms, but the pattern of increase was basically the same (20) . Differences in the experimental approach could explain why we found a higher number of mtDNA molecules. We have performed all our experiments with DNA obtained from a single worm, while others have pooled 20 animals for DNA isolation (20) .
Our results suggest that in addition to the high mtDNA levels, worms also have a high maternal contribution of POLG-1, which ensures normal development of polg-1 mutants. A high maternal contribution of proteins and/ or mRNAs to the embryo appears to be conserved for many mitochondrial proteins and probably represents a safety mechanism ensuring normal maturation to the L4 stages when the aerobic respiration peaks (21) . However, we cannot exclude the possibility of existence of additional DNA polymerases in the mitochondria, although we believe this to be very unlikely, because mtDNA levels were not sustained through the life. Instead mtDNA levels progressively decrease during the adult life, suggesting mitochondrial turnover and a lack of biogenesis.
The lack of active mtDNA replication in polg-1 deficient worms results in mitochondrial deficiency that could be partially compensated for by upregulation of the mitochondrial transcripts. A similar trend was observed in mice that had a moderate reduction of the mtDNA copy number, and yet presented normal levels of several mtDNA-encoded transcripts and proteins (14) . Furthermore, studies of cell lines have shown that the inhibition of mtDNA expression dramatically increases the stability of mtDNA-encoded transcripts and proteins (22) .
We propose that the increased mitochondrial fusion observed in somatic tissues of polg-1 deficient worms is another compensatory mechanism set to allow functional complementation of mtDNA-encoded proteins. There is a growing body of evidence that mitochondrial fusion, in addition to controlling the shape of mitochondria, is important for their bioenergetic function (23) . When mitochondrial fusion is abolished in mammalian cells, a large fraction of the mitochondrial population loses mtDNA (24) . In addition to mtDNA, it is also proposed that other components, such as substrates, metabolites or specific lipids, can be restored in defective mitochondria by fusion (25) . In worms increased fusion seems to be a common response to a mitochondrial dysfunction as increasingly fused and disorganized mitochondria were reported in worms undergoing RNAi inactivation of the various electron-transport chain subunits, the mitochondrial ribosomal subunit and the cytochrome C heme lyase (26) .
It seems that mitochondrial dysfunction could be compensated for by various mechanisms in somatic tissues of polg-1 deficient animals, but in the gonad where a constant urge for massive mtDNA replication exists, these mechanisms fail to assist. This results in the development of disorganized gonads that lacked the rachis and were seriously depleted of mitochondria. Ultimately, mtDNA depletion in polg-1 deficient animals precluded them from producing viable offspring, even if they produced a handful of embryos that arrested very early in development. Similar phenotypes were reported when levels of MTSSB-1, mitochondrial single-stranded DNA binding protein, were highly reduced after RNAi using a continuous feeding over generations (27) . Results from other studies also suggest that mitochondria may play a role in the gonadal development. For example, high levels of uaDf5, an mtDNA deletion that removes nearly 25% of mitochondrial genome, have been associated with reduced rates of egg laying, defecation and sperm motility (28) . RNAi for a C. elegans ortholog of mitochondrial ATP synthase b subunit (asb-1) causes 100% penetrant sterility (29) . Furthermore, it has been shown that prohibitins, inner-mitochondrial membrane proteins that control cell proliferation, cristae morphogenesis and the functional integrity of mitochondria, are also required for somatic and germline differentiation in the larval gonad (30) .
Although we have detected a number of changes in polg-1 deficient worms, we were rather surprised that mtDNA depletion leaving only around 4% of mtDNA content had a rather mild phenotype in comparison with other models, where similar levels of mtDNA depletion persistently resulted in the early developmental arrest (5) (6) (7) 14, 31) . Previously, mtDNA depletion in worms has also reported to lead to a developmental arrest at L3 larval stage (20) . However, this mtDNA depletion was evoked by treatment with ethidium bromide (EtBr) that predominantly results in a complete block of mtDNA replication, but after longer treatments could also have an effect on the maintenance of the nuclear genome (20) . Similarly, large deletions in genes encoding essential subunits of the mitochondrial respiratory chain (MRC) complexes I and V result in developmental arrests at the third larval stage (L3) and the arrest of gonadal development in the second larval stage (L2), with impaired mobility, pharyngeal pumping and defecation (32) . In addition, when MRC biogenesis is blocked by inhibitors of mitochondrial translation (chloramphenicol and doxycycline), a quantitative and homogeneous arrest as L3 larvae also takes place (32) . These data demonstrate that C. elegans is dependent on mitochondria as the major source of ATP and that a functional MRC is a prerequisite for normal development. Here, we went a step further and showed that since mitochondria are so important for C. elegans development, a mechanism, providing embryos with a substantial amount of mtDNA, evolved to ensure that enough active MRC is present during development.
Our results show that the bulk of mtDNA replication is taking place in the gonad of adult worms and therefore the lack of mtDNA replication has a deleterious effect on the gonad of polg-1 deficient animals. It seems that polg-1 deficient animals distribute large amounts of the inherited mtDNA to the somatic cells and that this DNA is maintained throughout larval development, well into adulthood, when increased turnover in the absence of mtDNA replication could be detected. Also, it seems likely that somatic cells of polg-1 deficient animals inherit close to normal mitochondrial pools and that the majority of the mtDNA detected in adult worms (4% of normal) is actually present in somatic tissues. Hence, a suppression of deleterious organ protrusion phenotype, by partial egg laying deficiency, allowed polg-1 mutant animals to have a much longer lifespan and only when mitochondrial turnover in somatic tissues has depleted mtDNA levels under a critical threshold these animals die. This is in agreement with the observation that $35-40% reduction of mtDNA copy number in animals heterozygous for the mitochondrial transcription factor A null mutation (Tfam +/À ) has minimal effects on mtDNA expression and mitochondrial function (14) . Furthermore, mtDNA levels in gonad-less mutant, glp-4(bn2), when grown at the nonpermissive temperature, at the late larval stages are comparable with the one in polg-1 deficient animals, and around 10 times lower than in wild-type (N2) worms, indicating again, that the mtDNA levels present in the somatic tissues are much lower than in the gonadal ones. Only during adult life polg-1(ok1548) mutants failed to maintain the mtDNA levels due to the lack of replicase and increased mitochondrial turnover. This was even more apparent from the results of gonad-less polg-1 deficient animals polg-1 (ok1548), glp-4(bn2) that had 4-5 times lower mtDNA copy number than gonad-less glp-4(bn2) mutants at adult day 4. Interestingly, the comparison between polg-1(ok1548) mutants with or without developed gonads suggests that most of the replication machinery that originates from embryos is dedicated to the gonad. We cannot, however exclude the possibility that glp-4(bn2) mutations have some kind of impact on the mtDNA replication and/or turnover.
In conclusion, this study emphasizes the role of polg-1 as a key player in the mtDNA maintenance in C. elegans. Our work also provides evidence that the mtDNA copy number is an essential limiting factor for C. elegans development and that a high maternal contribution of both, mtDNA and POLG-1 in the embryo ensures a normal development, even in the absence of polg-1 gene. Furthermore, our results demonstrate that the mtDNA copy number is highly regulated during development and can be adjusted to much higher levels than normal as a response to high energy demands caused by environmental stimuli. Finally, we believe that our results unraveled C. elegans as an excellent new model system to study mechanisms of mtDNA inheritance and maintenance in both postmitotic and proliferative tissues.
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